Using molecular dynamics simulations with embedded atom model potential, we study structural evolution of Cu64.5Zr35.5 alloy during the cooling in a wide range of cooling rates γ ∈ (1.5 · 10 9 , 10 13 ) K/s. Investigating short-and medium-range order, we show that structure of Cu64.5Zr35.5 metallic glass essentially depends on cooling rate. In particular, a decrease of the cooling rate leads to a increase of abundances of both the icosahedral-like clusters and Frank-Kasper Z16 polyhedra. The amounts of these clusters in the glassy state drastically increase at the γmin = 1.5 · 10 9 K/s. Analysing the structure of the glass at γmin, we observe the formation of nano-sized crystalline grain of Cu2Zr intermetallic compound with the structure of Cu2Mg Laves phase. The structure of this compound is isomorphous with that for Cu5Zr intermetallic compound. Both crystal lattices consist of two type of clusters: Cu-centered 13-atom icosahedral-like cluster and Zr-centered 17-atom Frank-Kasper polyhedron Z16. That suggests the same structural motifs for the metallic glass and intermetallic compounds and explains the drastic increase of the abundances of these clusters observed at γmin.
I. INTRODUCTION
Bulk metallic glasses (BMGs) are in focus of intense experimental and theoretical research last decade due to their extraordinary physical properties with regards to their crystalline counterparts and high potential for advanced applications 1-3 . BMGs are bulk metallic alloys with only short-and medium-range order structure that makes them outstanding compared to crystalline metal alloys where the contact areas between the crystalline domains are usually weak points. However, the difficulty to construct a BMG with high enough glass forming ability prevents widespread applications of these new materials.
Recently, considerable efforts have been focused on studying of Cu-Zr alloys. It is one of the most extensively studied binary metallic systems, mainly due to its ability to form BMGs 4-6 . The compositions of BMG formation in Cu-Zr alloys are located in narrow (so-called pinpoint) concentration intervals 5, 7, 8 .
A general idea that local icosahedral ordering plays the key role in glass formation has been experimentally suggested as common feature of metallic glasses 9 . For Cu-Zr system, this idea has been strongly supported by molecular dynamics simulations [10] [11] [12] [13] [14] [15] .
Important question is the nature of glass forming ability of Cu-Zr alloys. The main conclusion of the extensive researches is the idea that local structure of glassforming alloys has great influence on dynamical properties and glass-forming ability, see Ref. 16 for review. A general idea that local icosahedral ordering plays the key role in glass formation has been experimentally suggested as common feature of metallic alloys 9 . For Cu-Zr system, this idea has been strongly supported by molecular dynamics simulations [10] [11] [12] [13] [14] [15] . It has been shown that icosahedral clusters tend to connect each other under cooling and form percolating network as the system approaches glass transition 10, 12 . Besides, the correlation between icosahedral ordering and glassy dynamics has arXiv:1604.07024v1 [cond-mat.dis-nn] 24 Apr 2016 been ascertained 13, 17 . Despite of wide acceptance of the icosahedral order, alternative clusters have been considered to be important structural elements in Cu-Zr metallic glasses 10, 11, [18] [19] [20] [21] [22] . It has been particulary shown that, except Cu-centered icosahedra, Zr-centered Frank-Kasper polyhedra play important role in structural formation and dynamical slowing down 10, 11, 18, 19, 22 . Models of ideally packed clusters 20 and Bergamon-type medium-range order 21 have been also proposed as possible candidates to describe structure of Cu-Zr glasses. So the problem of recognition of structural elements responsible for the glass formation in Cu-Zr alloys is still unsolved.
The possible way to determine local structural elements of metallic glasses is turning to those in crystalline state. The structure of rapidly quenched glass-forming alloys often includes nano-and micro-sized grains of intermetallic compounds 23, 24 whose elements may serve as structural motifs for glassy state. According to equilibrium phase diagram 25 , Cu-Zr system has a lot of stable intermetallic compounds and even more of them can form as metastable ones in non-equilibrium conditions 26, 27 . That suggests a lot of possible candidates to local structure elements. But cooling rates available in simulations are almost always too fast to form any crystalline grains.
It has been widely accepted that glass properties depend on the cooling rate γ [28] [29] [30] [31] . In particular, the glass transition temperature T g varies with γ; for example, there is empirical formula T g (γ) ∝ 1/(const − ln γ) 32 . So understanding nature of the glass-forming ability in BMG should be strongly correlated with the cooling rate investigations. This is a challenge for numerical simulations usually limited by the microsecond timescale.
In this paper we systematically study the cooling rate dependence of structure of Cu 64.5 Zr 35.5 alloy focusing on local orientational order. Considering the wide range of cooling rates γ ∈ (1.5 · 10 9 , 10 13 ) K/s, we show that the structure of the glassy state essentially depends on γ. At the lowest cooling rate used we observe formation of nano-sized crystalline grain Cu 2 Zr whose structural elements are both icosahedra and Frank-Kasper clusters widely accepted as structural motifs for metallic glasses.
II. METHODS

A. Simulations details
Classical molecular dynamics (MD) is the main theoretical tool to study properties of glasses because it makes it possible to overcome the problems of analytical description of non-ordered condensed matter systems [33] [34] [35] [36] and allows studying microscopic structure and dynamics covering sufficiently large time and spatial scales.
For MD simulations, we used LAMMPS Molecular Dynamics Simulator 37 . The system of N = 5000 particles was simulated under periodic boundary conditions in Nose-Hoover NPT ensemble at P = 0. The MD time step was varied from 1 to 3 fs depending on system temperature. We checked that chosen MD step values provided good energy conservation at given thermodynamic conditions.
Initial configuration was prepared as hcp-lattices with random seeding of the species in the lattice sites. This configuration was melted and completely equilibrated at T = 1800 K. Then the system was cooled from T = 1800 K down to T = 300 K with different cooling rates γ = ∆T /∆t in the interval of γ ∈ (1.5 · 10 9 , 10 13 ) K/s. As the model of interaction between alloy components, we use widely accepted embedded atom model potential 38 of Finnis-Sinclair type 39 developed by Mendelev et.al. 40, 41 . This potential was specially designed to describe liquid and glassy states of the Cu-Zr alloys.
B. Methods of structure analysis
To study the local orientational order, we use the method of bond order parameters (BOP) 42, 43 which is widely accepted in the context of condensed matter physics (e.g. [43] [44] [45] The method allows us to explicitly recognize atomic clusters of any symmetry 61, 67, 68 and study their spatial distribution 69 . Below, we will briefly consider the key points of the method.
Within the frameworks of the BOP method, the rotational invariants of rank l of both second q l (r i ) and third w l (r i ) order are calculated for each particle i located at the point r i from the vectors (bonds) r ij connecting its center with the centers of its N nn (r i ) nearest neighboring particles:
Y lm (ϕ ij , θ ij ), Y lm are the spherical harmonics and (ϕ ij , θ ij ) are polar and azimuthal angles of the vectors r ij = r i − r j connecting centers of particle i and j. In Eq.(2) l l l m 1 m 2 m 3 are the Wigner 3j-symbols, and the summation in the latter expression is performed over all the indexes m i = −l, ..., l satisfying the condition m 1 + m 2 + m 3 = 0. The big advantage of invariants q l and w l is that they are uniquely determined for any polyhedron including the elements of any crystalline structure. By varying number of nearest neighbors N nn and rank l of BOP it is possible to identify clusters existing in the system. Among the parameters (1),(2), the q 4 , q 6 , w 4 , w 6 are typically one of the most informative one so we use they in this work. In Tab. I we present the values of these parameters for few different clusters.
To identify the symmetry of the local clusters, we calculate the rotational invariants q l and w l for each atom using the fixed number of nearest neighbors (e.g. N nn = 12 for the closely packed structures like hcp, fcc, icosahedron and liquid-like CuZr system; to detect Frank-Kasper (FKs) polyhedrons (see insets in Fig. 7) we use N nn = 16, 15, 14 for the Z16, Z15 and Z14, respectively). Atom whose coordinates in the space (q 4 , q 6 , w 6 ) are sufficiently close to those for perfect structures is counted as fcc-like (hcp-like, icosahedral-like) etc. In Fig. 1a we show smoothed temperature dependencies of system potential energy E p obtained under continuous cooling at different cooling rates. All the E p (T ) curves demonstrate inflections indicating the liquid-glass transition. The glass transition temperature T g slightly decreases with the decrease of the cooling rate. We also see that a decrease of the cooling rate causes essential decrease of the potential energy at T T g . So the system is better equilibrated at lower γ.
Note that minimal cooling rates available in computer simulations are of the order of 10 9 K/s. Cooling a system of N ∼ 10 4 particles from liquid to glassy state even at such γ requires already about a month of calculations on supercomputer cluster and further essential reduction of γ is hardly possible. The fact that γ ∼ 10 9 K/s is still too fast in comparison to experimental cooling rates (which are of the order of 1−10 7 K/s) leads researchers to look for other effective methods of simulating amorphization. Recently, the method of sub-T g annealing has been proposed for this purpose 28 . It has been suggested that annealing the system at temperature which is slightly lower than the glass transition temperature T g is equivalent to the effective reducing of cooling rate. This method has been applied to Cu 64.5 Zr 35.5 alloy 29 and the effective cooling rate obtained has been declared to be of the order of 10 7 K/s (with minimal real cooling rate of the order of 10 10 K/s).
Inspired by the papers mentioned above, we have performed additional annealing of the system at few different temperatures near T g . As the initial configurations for annealing, the states obtained for correspondence temperatures under cooling at the lowest γ min = 1.5 · 10 9 K/s were collected. In Fig. 1b , we demonstrate smoothed time dependencies of system potential energy E p (t) for both the continuous cooling at γ min and the isothermal annealing at different temperatures. As seen from the picture, the average potential energy is a constant during the annealing at T = 900 K. It reflects the fact that the continuous cooling at γ min down to this temperature is a quasi-equilibrium process. The similar E p (t) dependence is observed during the annealing at T = 700 K. But the reason is the opposite: the system is in glassy state and so the relaxation is frozen. But the annealing at 700 < T < 900 K leads to lowering the potential energy that means the presence of system relaxation. Note that the lower the annealing temperature the lower the relaxation rate is observed. But, regardless of annealing temperature, the final value of the average potential energy at t → ∞ is the same and so the system relaxes to similar states.
After annealing, the system was cooled down to T = 300 K at the same γ. In the inset of Fig. 1 we show the potential energy E (300) p of the final state at T = 300 as the function of the cooling rate (blue bullets). The E (300) p (γ min ) value obtained with the additional annealing is presented by the red star. We see that this sub-T g annealing does not change the results essentially at least at used annealing times of the order of microseconds. The E (γ) dependence from logarithmic extrapolation at γ < 10 10 K/s. Below we will see that this deviation is caused by nanocrystallization which takes place at γ = 1.5 · 10 9 K/s (see sec. III D and sec. IV A for discussion). 
B. Two-point correlation functions
Properties of the short-and medium-range translational order can be evaluated from the analysis of the total translational two-point correlation function -radial distribution function g(r). Fig. 2 shows how the g(r) of the Cu 64.5 Zr 35.5 system varies with the temperature T at different cooling rates γ. Inset in Fig. 2a presents total g(r) for final glassy states and associated cumulative functions N (< r) showing number of the nearest neighbors. Splitting of the second peak of g(r) which is usually referred as an indicator of the glass transition 70, 71 can be seen for all considered γ close to T g 850 K; at γ = 1.5 × 10 9 K/s (panel d) the effect is the most pronounced. Insets in Fig. 2b ,c show another structuresensitive indicators g max /g min and g min , where g max and g min are respectively the values of g(r) at the first maximum and the first non-zero minimum. These parameters have been proposed to be good indicators of structural changes taking place at melting and freezing 52, 53, 72 and glass transition 73 . Temperature dependencies of these indicators demonstrate pronounced inflections at the same temperatures as the inflections at E p (T ) (Fig. 1a) and the splitting of the second g(r) peak that supports the cited estimation of T g .
Another important two-point correlation function, bond angle distribution function (BADF) P (α), measures the probability that two nearest neighbors and central atom form the angle α. Fig. 3 shows P (α) at different cooling rates γ for the final glassy state of the system at temperature T = 300 K. We note that the BADFs reveal weak cooling rate dependence at γ ≥ 10 10 K/s. P (α) for weakly disturbed hcp and icosahedral clusters are plotted to find evidence of them in the glassy states of the system under consideration. Indeed the P (α) for glassy state demonstrate pronounced maxima which are close to those for icosahedral cluster. The correspondence between BADFs for the glass and a hcp cluster is not so clear. More detailed analysis will be performed below with using BOP method (see sec.III C).
To analyse the structure of high-temperature liquid from which the glass has been prepared, we plot in Fig. 3 BADFs for both Cu 64.5 Zr 35.5 melt at T = 1200 K and Lennard-Jones liquid at T * ≈ 1.5, ρ * ≈ 1 (in reduced Lennard-Jones units 69 ); so the thermodynamic states of both systems correspond to a dense liquid close to the corresponding solid-liquid coexistence line. We see that BADFs of the systems under consideration are very close that suggests some similarities in between. The origin of that similarity can be explained by the existence of tetrahedral order which has been found in Lennard-Jones fluids 69 . Our results suggests the formation of local tetrahedra might be the universal feature of close packed fluids. 
C. Local orientational order
To demonstrate the influence of the cooling rate on temperature evolution of local orientational order, we show in Figs. 4 and Figs. 5 the probability distributions P (q 6 ) for Cu-centered and Zr-centered clusters with 12 and 16 nearest neighbors at different temperatures and γ. Such distributions for N nn = 12 and N nn = 16 are the useful indicators to detect close packed clusters and Frank-Kasper Z16 clusters respectively.
First consider the case of N nn = 12 (Fig. 4) . For Cucentered clusters, a decrease of the temperature causes the shift of the P (q 6 ) maximum towards greater q 6 values as well as the appearance of the shoulder in the range of q 6 values corresponding to icosahedral ordering (see Tab. 1). Besides, the lower the cooling rate the more pronounced the shoulder. At the lowest cooling rate γ min = 1.5 · 10 9 K/s, the shoulder transforms to separate peak with the maximum at q 6 > 0.6 that means pronounced icosahedral ordering 61, 67, 68 . To better illustrate the growth of icosahedral ordering under cooling, we show in Fig. 6 the mapping of system structure on two-dimensional q 4 − q 6 plane for fixed N nn = 12. So the each point in Fig. 6 corresponds to the (q 4 , q 6 ) values for an 12 nearest neighbors cluster centered at each system atom. We see that with the decrease of temperature the q 4 − q 6 distribution of Cu-centered clusters essentially transforms. Namely, the "tail" located in the (q 4 , q 6 ) range corresponding to icosahedral clusters appears. Note that the distribution of Zr-centered clusters does not demonstrate noticeable change (compared with the results for 16 neighbor clusters in Fig. reffig:lo16 ), remaining to be disordered (liquid-like) at all temperatures.
In the case of N nn = 16 ( Fig. 5) , there are no essential changes in P (q 6 ) with temperature at cooling rates in the range γ ∈ (10 12 , 7.5 · 10 9 ) K/s; the dependence of P (q 6 ) on cooling rate is also weak for that range. But for γ = 1.5 · 10 9 , we see that P (q 6 ) maximum for the Zr-centered clusters essentially shifts under cooling towards q 6 0.2 corresponding to ideal value for Frank-Kasper polyhedra Z16 (see Tab.1). Note that the P (q 6 ) for Zr-centered 12 neighbour clusters demonstrate no essential change under cooling, compare Fig. 4 and Fig. 5 . So we conclude that noticeable amount of Frank-Kasper Z16 polyhedra is expected at only the lowest cooling rate γ min = 1.5·10 9 K/s and for temperatures which are close to T = 300 K. . Local orientational order of the Cu64.5Zr35.5 system at different temperatures T and cooling rates γ (indicated on the plot) presented by the probability distribution functions (PDF) P (q6); the PDFs are color-coded via the temperature T as shown in panel (a). Values of q6 were calculated via Nnn = 12 to detect close packed structures. Weak dependence of the PDFs on the γ value is observed at γ ≤ 10 10 K/s for all T ; for the γ = 1.5 × 10 9 K/s the formation of ico-like Cu-centered clusters (having q6 > 0.6) is clearly seen.
To better understand the structure of the system at γ min , we plot in the Fig. 7 the mapping of system structure on (q 4 , q 6 ) plane for N nn = (14, 15, 16) at T = 300 K, γ min = 1.5 · 10 9 K/s. The pictures suggest the presence of noticeble amount of Z15 and Z16 clusters in the glassy system obtained at the lowest cooling rate. At the same time, the abundance of Z14 clusters is expected to be negligible. We suggest that the abundance of Z15 is noticeble because it can be obtained by relatively small disturbance of Z16.
By using the BOP method, it is easily to estimate the abundance of any local clusters observing in the sys- tem. In Fig. 8 and Fig. 9 we show the abundances of ico-like (n ico ) and Frank-Kasper-like (n FK ) clusters in Cu 64.5 Zr 35.5 system as function of temperature at different γ values.
At all the cooling rates, we see drastic increase of n ico at T T g indicating the gain of icosahedral ordering approaching the glass transition; at lower cooling rates this tendency becomes more pronounced in agreement with Fig. 4, Fig 6. The temperature dependencies of the abundance of Z16 Frank-Kasper polyhedra n FK (T ) at different cooling rates also demonstrates the increase at T T g . But cooling rate dependence of n FK is almost negligible at all values of γ except the γ min at which the drastic increase of n FK takes place.
In Fig. 10 we show typical snapshots of the system for the final glassy state at T = 300 K obtained at different cooling rates. Particles are colored and sized according to the value of q 6 for N nn = 12: so the red/orange particles with bigger size correspond to the centers of icosahedraly ordered clusters. We see that, except the increase of n ico , a decrease of the cooling rate causes the growth of the spatial areas where icosahedral clusters tend to connect to each other and form medium-range "superclusters". So our results suggest that a decrease of the cooling rate causes essential change of the structure of Cu 64.5 Zr 35.5 metallic glass. In particular, the lower the cooling rate the more pronounced icosahedral ordering takes place. Note that the same conclusions has been earlier made in 29, 30 . As follows from the results presented above, the abundances of both the icosahedral clusters and Frank-Kasper ones increase sharply at the lowest used cooling rate γ min = 1.5 · 10 9 K/s. To understand the origin of this effect, we will further study the structural properties of the system at this cooling rate in more details.
D. Short-and medium-range order of glassy state at the lowest cooling rate
Studying the final structure of the glassy state obtained at the lowest used cooling rate γ min = 1.5 · 10 K/s, we was surprised to see that amorphous disordered structure contains area with crystalline ordering. It can be seen in Fig. 10a where spatial distribution of centers of icosahedral clusters (red/orange particles) reveals detectable area of some regular ordering.
Detailed analysis of the snapshots reveals that glassy structure of the system includes nano-sized crystalline grain of Cu 2 Zr compound which has the structure of Cu 2 Mg Laves phase (see Fig. 11 ). Note that the structure of Cu 2 Zr compound has not been directly observed yet neither in computer simulations nor in experiments. The stability of the compound is also an open issue (see discussion in sec. IV B). Examining the structure of the observed Cu 2 Zr compound, one can see that it consists of two building blocks: Zr-centered 17-atom Frank-Kasper polyhedron Z16 (Fig. 11b) and Cu-centered 13-atom icosahedrallike cluster (Fig. 11c) . These clusters are connected to each other by face-sharing mechanism (Fig. 11d) . The way these cluster build in Cu 2 Zr lattice is shown in Fig. 11(e,f) .
We should also notice that observed crystal structure of Cu 2 Zr is isomorphous with that for Cu 5 Zr intermetallic compound (compare Fig. 11g and h) . Indeed the only difference between these structures is the stoichiometry; replacing four Cu atoms in the unit cell of Cu 5 Zr on Zr we get exactly the same structure as pictured in Fig. 11g .
These facts suggest that structural elements of the intermetallic compounds, both stable and metastable, may be the same as those for disordered amorphous structures 22 . Under certain conditions, the local ordering of these elements may form nanocrystalline grains in amorphous structure of rapidly quenched sample. In our case, the noncrystalline grain consists of both icosahedron and Frank-Kasper polyhedron Z16 (see Fig. 11 ). That can explain non-monotonous cooling rate dependence of abundances of local cluster mentioned above, especially the Frank-Kasper Z16 polyhedra. Indeed, the formation of crystalline grain whose structure consists of some clusters has to lead to an increase of their amount. The results obtained suggest that the existence of significant amount of Frank-Kasper Z16 polyhedra in Cu 64. 31 . The general issue is the correspondence between simulated and experimentally measured properties of a glass which are obtained at cooling rates differing by many orders of magnitude.
The possible way to answer this question is studying cooling rate dependence of some glass property to find an empirical relation and extrapolate results to the range of γ hardly available for direct simulations. An instructive example is the sub-T g annealing method proposed in Refs. 28 and 29. The method is based on two statements: 1) cooling rate dependence of glass potential energy obeys logarithmic law at whole range of γ; 2) annealing of the system at temperatures near the glass transition temperature T g is equivalent to effective reducing of the cooling rate. The method has been tested on Cu-Zr glass within the range of cooling rates γ ∈ (10 9 , 10 13 ) K/s. The results suggest that starting premises of the method are reasonable 28, 29 . But our results show that situation is not so clear. Despite of similar ranges of γ used in simulation, we see essential deviation of our E (300) p (γ) dependence from that obtained in 29 at γ < 10 10 K/s (inset in Fig. 1)) . We suggest that it is due to the formation of nanocrystallite which causes the lowering of potential energy and so the deviation of E (300) p (γ) from logarithmic law observed in 29 for completely amorphous systems. (Nano)crystallization is a spontaneous process which can occur at given conditions (e.g., cooling rate) with certain probability. So the authors of Refs. 28 The stability of Cu 2 Zr compound has been also predicted by ab-initio calculations 78, 79 . In the absence of experimental structural data, the structure of the compound has been chosen as that for Au 2 V alloy. This issue has also been investigated by Tang and Harrowell using classical molecular dynamic simulations with EAM potential 80 . Based on the analogy with Lennard-Jones binary alloy with similar size ratios 81 , the authors propose that the structure of the Cu 2 Zr compound is MgZn 2 -type Laves phase. IT has been shown that this structure can be stable in certain temperature-concentration domain.
Despite of contradictory data, the Cu 2 Zr compound was included as one of the possible phase for the thermodynamic assessment of phase diagram of the Cu-Zr system 82 . The results of the assessments show the stability range of the compound similar to those obtained experimentally in Ref. 75 .
So we conclude the structure of Cu 2 Zr compound is still the matter of debates. We have directly observed self-assembling of the compound for the first time and so our results suggest its possible structure. The experimental validation of that structure is the matter of future investigations.
Another issue is the stability of the compound in the EAM model of Cu-Zr system. We firstly found formation of the nanocrystalline grain during fast cooling and then showed that the same structure formed during isothermal annealing (see Fig. 1b ). It is important that annealing at any temperature in the range of (700, 900) K leads to similar structure with nano-sized grain of Cu 2 Zr compound. That means the crystal nucleus forming in the system under the given conditions does not reach the critical value and so does not growth indefinitely. The questions arise: is this nucleus stable at very long annealing times? is the growth of the nucleus limited by local stresses imposed by periodic boundary conditions? To answer these issues the large-scale simulations requiring several months of supercomputer time are needed.
V. CONCLUSIONS
Doing molecular dynamics simulations, we show that structural evolution of Cu 64.5 Zr 35.5 glass-forming alloy essentially depends on cooling rate. In particular, a decrease of the cooling rate leads to a increase of abundances of both the icosahedral-like clusters and FrankKasper Z16 polyhedra. The amounts of these clusters in the glassy state drastically increase at the γ min = 1.5·10 9 K/s. It is explained by the formation of nano-sized crystalline grain of Cu 2 Zr compounds whose structure consists of these clusters. Note that the structure of Cu 2 Zr compound is directly observed for the first time and so this results may stimulate the further investigations to its experimental validation.
We also show that the formation of Cu 2 Zr compound is also observed during the isothermal annealing of the system at temperatures near the glass transition temperature. That means the Cu 64.5 Zr 35.5 alloy modeled by EAM potential may not be so good glassformer. Probably, it will totally crystalize at longer annealing and/or large system size.
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